We describe a search for the expected X -ray counterpart to the 1-3 s QPOs seen in the optical emission from a number of polars. The Ginga hard X-ray data of the three systems AM Her, EF Eri and V834 Cen have been examined for such QPOs. However, none has been detected, and 95 per cent upper limits to the rms amplitude of the QPOs of 4, 5 and 18 per cent, respectively, have been obtained. The broad-band optical rms values for the rapid QPOs are typically 1-3 per cent for EF Eri and V834 Cen, while no such QPO has been seen in the optical data of AM Her (with an upper limit < 0.25 per cent). The only viable models for the optical QPOs are the driven oscillating shock models. They predict approximately equal X-ray and optical modulation amplitudes, and are thus consistent with our results.
INTRODUCTION
AM Herculis stars are close binary systems in which a magnetic white dwarf (B ~ 10-60 MG) accretes material from a low-mass, Roche lobe filling, companion (see Cropper 1990 for a review). The accretion flow is channelled to small areas near the magnetic poles of the white dwarf and is heated to hard X-ray temperatures by a strong shock close to the white dwarf surface. Strongly polarized optical to near-IR cyclotron radiation is also observed, emitted by electrons spiralling around the magnetic field lines. In addition, a soft X-ray component is seen due to reprocessing of the hard X-ray component, and/or buried shocks which directly heat the white dwarf photosphere.
Rapid quasi-periodic oscillations (QPOs) with periods ranging from 1 to 3 s, and frequency widths vI ~v~ 1-3, have been observed in time-averaged power spectra from optical observations of a number of AM Her systems (see Larsson 1995 for a summary). The first discovery of such an effect was by Middleditch (1982) who found a 1-3 s QPOin the power spectrum of the broad-band optical emission from V834 Cen and AN UMa. The root mean square (rms) pulsed fractions for the modulations were 1.2 and 2.4 per cent respectively. Since this discovery, similar rapid QPOs have been seen in EF Eri (Larsson 1987 , period 2-3 s, rms 1.3 per cent) and VV Pup (Larson 1989, period 1-2 s, rms 3 percent). Optical studies of other AM Her systems reveal upper limits of less than 1 per cent for such phenomena (Ramseyer et al. 1993) . Also, no QPOs of this time-scale have been detected in any X-ray data of these systems, although limits are weak. For example, an upper limit of 40 per cent was obtained by Bonnet-Bidaud et al. 1985 for EXOSATLE data on V834 Cen.
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The favoured explanation for the origin of the rapid QPOs is that of shock oscillations. Langer, Chanmugam & Shaviv (1981 , 1982 discovered that the accretion shock was unstable when the dominant cooling mechanism was bremsstrahlung. The shock height was found to oscillate with a period tose "'" 3th" where thr is the bremsstrahlung cooling time-scale (Langer et al. 1982) . For typical postshock parameters in AM Her systems, thr is of order a second. The shock oscillations cause periodic variations in the post-shock structure (e.g. in the density and temperature: Langer et al. 1982) , which modulate the X-ray and cyclotron luminosity. Subsequent calculations showed that the oscillations can be excited in a number of modes (e.g. fundamental, first overtone, etc.) depending on the white dwarf mass and accretion rate (hnamura, Wolff & Durisen 1984) .
Allowing for the effects of cyclotron emission, Chanmugam, Langer & Shaviv (1985) discovered that a field strength of ~30 MG was enough to damp the oscillations after ~ 1 0 cycles for typical parameters. Similar conclusions were reached by Imamura, Rashed & Wolff (1991) . This provided a serious setback for such an interpretation of the rapid QPOs. However, as the oscillating shock model predicts the correct time-scale for the QPOs, these authors proposed that non-steady accretion (e.g. noise-driven perturbations, or random impulses) could continually excite an oscillating shock and thus modulate the emission (Wolff, Wood & Imamura 1991; Wu, Chanmugam & Shaviv 1992; Wood, Imamura & Wolff 1992) .
In VV Pup, the rapid QPOs have been associated with the cyclotron-emitting region since they appear and disappear at the same phases as the optical light curves rise to and fall from maximum light (Larsson 1989) . However, recent high time resolution spectroscopic observations of AN UMa (Bonnet-Bidaud et al. Middleditch (1982) ; EF Eri, Larsson (1987) ; Y834 Cen, Larsson (1985) .
1996) show high-amplitude oscillations which occur in the He II M686 and Hy emission lines although not in the continuum, contrary to expectations for the shock oscillation models. Alternative explanations can be sought for the 1-3 s QPOs. For example, radial white dwarf pulsations have been calculated to produce oscillations at this time-scale (Cox, Hodson & Starrfield 1980; Saio, Winget & Robinson 1983) . These can, however, almost certainly be ruled out due to the low coherency of the observed oscillations (Larsson 1988) .
In this paper we present the results of the first search for the expected X-ray counterpart to the optical rapid QPOs made using Ginga data from three AM Her systems.
SEARCH FOR THE RAPID QPOs WITH GINGA
Until the launch of the X-ray Timing Explorer (XTE) on 1995 December 30, the 4000-cm 2 collecting area of the Large Area Counter (LAC) onboard Ginga (Turner et al. 1989 ) provided the most sensitive hard X-ray detector yet flown. Long observations of a number of polars were made towards the end of the mission, and the brightest of these (AM Her, V834 Cen, and EF Eri) were selected for a search for the rapid QPOs. Table 1 shows the observation log for each source. The data were extracted over the energy range 2-lOkeV where the effective area of the LAC is highest. Both the AM Her and EF Eri observations were taken in MPC-l mode, allowing a maximum time resolution of 0.5 s in contact orbits at high bit rate, whereas the V834 Cen observation was taken in MPC-2 mode with a maximum time resolution of 125 ms (however, the data were binned up by a factor of 2). The AM Her high time resolution data were selected outside the periods found to be contaminated by the geomagnetic storm reported in Beardmore et al. (1995) . In the V834 Cen observation the satellite wandered off-source from 1990 February 10 10:00 (UT) to 1990 February 11 18:45 (UT), during which the transmission fell to less than 70 per cent. Data from this period were excluded in the subsequent analysis. Data from low Earth orbit satellites such as Ginga are broken up due to Earth occultation and passages through regions of high particle background. In this analysis only continuous 1024 time bin sections of data were used, and the resulting exposure times are indicated in Table 1 .
We searched for the rapid QPOs using a fast Fourier transform power spectral method. We adopted the normalization of Leahy et al. (1983) and the search technique described in van der Klis (1989), which involves averaging M individual spectra (see also Lewin, van Paradijs & van der Klis 1988) . Using this normalization, the noise power due to Poisson statistics alone follows a i distribution with 2M degrees of freedom, scaled by a factor of 11M (that is, with a mean power of 2). Additionally, the power spectrum can be rebinned in frequency space by averaging W adjacent frequency bins, which is useful for detecting (or setting upper limits to) broad features. In this case the above statement applies but with M replaced by WM. Thus by using an appropriately scaled i distribution it is straightforward to set Pdeted, the 95 per cent confidence detection limit which has only a small probability of being exceeded by a noise power in the frequency range of interest, and Pexceed, the power that should be exceeded by 95 per cent of the bins. In the absence of a detected signal, conservative upper limits, PUL , are estimated by subtracting the Pexceed level from the observed maximum power in the frequency range of interest, before converting this to a fractional rms variation r = (WPULINc)112 , where Nc is the average number of counts per transform.
Results
The Ginga background subtraction process does not model background variations on the time-scale of interest for the rapid QPOs (Hayashida et al. 1989) , and non-background-subtracted data were used during the analysis. The power spectral search provided no evidence for rapid QPOs in any of the three sources AM Her, EF Eri and V834 Cen (see Fig. 1 ). The range of frequencies searched were chosen to be those of the known optical QPOs in the particular source, except for AM Her, where we searched the frequency range of the QPOs observed in other systems (see Table 1 ). Upper limits were calculated by rebinning each averaged power spectrum so that one wide frequency bin encompassed the frequency range of interest (0.3-0.9 Hz for EF Eri and AM Her, 0.4-0.8 Hz for V834 Cen). As the data were not background-subtracted, each transformed time series contained a background count rate of order 25-35 counts-I, which had to be accounted for to estimate the rms variability of the source correctly. In the presence of such a background count rate the true source rms is res)
, where s and s + b refer to source and source plus background, respectively. The rrns upper limits were 4.0,5.3 and 18.0 per cent for AM Her, EF Eri and V834 Cen, respectively (see Table 1 ), estimated at the 95 per cent confidence level.
DISCUSSION
To facilitate comparison with the optical observations, the typical optical (white light) rms amplitudes for the sources are recorded in the right-hand column of Table 1 . It should be noted that, during one observation of V834 Cen, Larsson (1988) reported that the oscil- lation amplitude reached 8 per cent in white light, with a phase coherence over ~ 30 cycles. Similar high-amplitude and moderately coherent events have been observed in AN UMa (for example, Ramseyer et al. 1993) . Larsson (1995) reports that the optical QPOs are quite persistent (e.g. in V834 Cen), although the QPO strength can change with time. In EF Eri the optical QPO has been observed © 1997 RAS, MNRAS 286, 77-80
1-3 s QPOs in AM Herculis systems 79
at one epoch but not during another (Larsson 1987; Ramseyer et al. 1993) , showing that QPO-quiet intervals are also possible. We can compare our results with the predictions of the oscillating shock models. The initial calculations of Langer et al. (1982) predicted bremsstrahlung luminosity variations of 35 per cent for a radiatively dominated shock (i.e. undamped by cyclotron emission), which are clearly not detected. Imamura et al. (1991) calculated both bremsstrahlung and optical variations of 8 per cent, although for the magnetic field strengths encountered in AM Her systems the cyclotron luminosity was sufficient to damp the oscillations after a few cycles. The driven oscillating shock models of Wolff et al. (1991) and Wood et al. (1992) gave X-ray and optical QPOs of approximately equal amplitude, although the X-ray QPOs were found to be broader in frequency space (from the fundamental oscillation frequency, lip, to 3VF), implying that they would be more difficult to detect than their optical counterpart, especially in the presence oflow-frequency (red) noise (Wood et al. 1992) . The driven models of Wu et al. (1992) gave QPOs with amplitudes which appeared slightly smaller in the X-ray than the optical (by a factor of ~0.5). The absolute amplitudes of the oscillations from these models depend on the magnitude of the driving accretion rate fluctuations. Simply interpreted, our data are consistent with the driven oscillation models.
There are, potentially, other reasons why the rapid QPOs may not have been detected. Langer et al. (1982) showed that for a bremsstrahlung-dominated shock the QPO period is
where M 1 is the white dwarf mass (solar units), R9 is the white dwarf radius (in units of 10 9 cm), M 16 is the accretion rate (in 10 16 gs-l) andAl6 is the accreting area (in 10 16 cm 2 ). Any substantial change in M l6 1A 16 from one epoch to another would cause the QPO frequency to shift, possibly outside our search range. Optical observations of V834 Cen by a number of authors show, however, that the QPO period has not varied out of the rather narrow frequency range 0.4-0.8 Hz over the many years that it has been observed, suggesting that the period is quite stable (although the reason for this is not understood). It is also known that the mass transfer rate varies spatially across the accretion column, with hard X-rays originating in a high-density core and cyclotron radiation from a more extended, lower density region (Beuermann 1989; Wickramasinghe 1989) . As the effects of cyclotron cooling become important (e.g. when the density decreases), the oscillation period initially increases with respect to that obtained from equation (1), reaching a maximum when the bremsstrahlung and cyclotron cooling time-scales are comparable, and then decreases when cyclotron cooling dominates (e.g. Wolff et al. 1991) . This suggests that, provided the accretion flows are considered independent, the X-ray and optical pUlsations would not necessarily Occur at the same frequency.
In order to account for the low optical amplitudes observed with respect to the oscillating shock models, Imamura et al. (1991) suggested that the emission from independently oscillating flux tubes cancels out. This is possible because, for the strong magnetic fields encountered in AM Her systems, the dynamical and thermal coupling across field lines is small. Therefore flows along different flux tubes are essentially independent of each other. Ramseyer et al. (1993) estimated that between 2 and 45 independently oscillating regions were required to bring the model-predicted modulation levels down to a value consistent with the optical data. Evidence for such multiple accretion columns is provided by studies of the absorption dip in EF Eri (Watson et al. 1989) , which show that multiple blobs can occur in the accretion stream, while Hameury & King (1988) modelled the reversed mode soft X-ray light curve of AM Her with about 15 accreting blobs. Also, a shot noise description of the longer time-scale variability seen in the Ginga observation of AM Her (Beardmore & Osborne 1997) suggests that -35 accreting blobs are required to account for the observed luminosity.
Our current results rule out the early shock oscillation models for the QPOs, and are consistent with the more recent driven shock oscillation models. However, observations are still required in the hard X-ray regime at high time resolution with a signal-tonoise ratio sufficient to detect the commonly observed optical 1-3 per cent rms variations (e.g. with XTE, which has an effective area almost twice that of Ginga at 10 ke V). Alternatively, since the reprocessing time-scale of hard X-rays in the white dwarf photosphere is much less than a second (given by the tirue it takes a hard X-ray photon to random walk from an electron scattering optical depth of -7; e.g. Frank, King & Raine 1992) , blackbody emission in the soft X-ray regirue should also show QPOs. Recently, Bonnet-Bidaud et al. (1996) found a high-amplitude (30 per cent rms) variation in the Hen M686 line flux in AN UMa (with a 1.3-s period). This emission line is most likely formed in the accretion stream by photoionization by soft X-rays from the -30-e V blackbody component associated with the emitting region at the white dwarf surface (e.g. Stockman et al. 1977) . Therefore the He n M686 line flux modulations should directly mirror the variability in the soft X-ray flux, giving further weight to the idea that the QPOs should be visible in this waveband. Thus analysis of ROSAT archive data may be fruitful.
CONCLUSIONS
The Ginga data reported here provide the best hard X-ray upper limits so far obtained to the 1-3 s QPOs observed in the optical band from a number of AM Her systems. We obtained rms amplitude upper limits of 4, 5 and 18 per cent in the 2-lOkeV band for AM Her, EF Eri and V834 Cen, respectively. Comparison with the theoretical QPO models suggests that our data are consistent with the driven shock oscillation models.
